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Abstract: A 3D finite element model of the Huaiyin third pumping station of the Eastern Route of 
the South-to-North Water Transfer is described in this paper. Two methods were used in the 
calculation and vibration analysis of the pumping station in both the time domain and the frequency 
domain. The pressure pulsation field of the whole flow passage was structured on the basis of 
pressure pulsations recorded at some locations of the physical model test. Dynamic time-history 
analysis of the pump house under pressure pulsations was carried out. At the same time, according to 
spectrum characteristics of the pressure pulsations at measuring points and results of free vibration 
characteristics analysis of the pump house, the spectrum analysis method of random vibration was 
used to calculate dynamic responses of the pump house. Results from both methods are consistent, 
which indicates that they are both reasonable. The results can be used for reference in anti-vibration 
safety evaluation of the Huaiyin third pumping station. 
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1 Introduction 
The problem of vibrations of large pumping stations has attracted a lot of attention for a 
long time. This kind of long-term continuous vibration greatly influences devices in the pump 
house as well as the bodies of staff who control and monitor these devices, and severe 
vibrations affect the safety and reliability of the hydro-turbine. Hydraulic exciting vibration is 
a main reason for pumping station vibration. However, the interaction between the flow and 
structure is very complicated. Reasonable calculation of vibration responses under pressure 
pulsations of the pump house and correct evaluation of anti-vibration safety of the pump house 
have always been the research emphases. 
At present, methods used to calculate the dynamic responses of the pump house mainly 
include the resonant check method, pseudo-static method, harmonic response method, and 
dynamic time-history method (Ohura et al. 1990; Ma et al. 2004; Ouyang et al. 2005). Of these, 
the dynamic time-history method is most commonly used because it can obtain more 
 Xin WANG et al. Water Science and Engineering, Mar. 2009, Vol. 2, No. 1, 86-94 87 
reasonable vibration responses. However, no matter which method is selected, load 
characteristics of flow pulsations should be known before calculation. There are mainly two 
means of obtaining the load characteristics of pressure pulsation: physical model tests, and 
numerical model calculation. It is difficult to decide whether it is suitable and reasonable to 
simulate the practical problem as well as to determine the resemblance between the calculated 
results and practical observation. Therefore, the means of the physical model tests are usually 
used to obtain pressure pulsation data, especially for large and important projects. In this study, 
on the basis of the pressure pulsations measured in the physical model test of the Huaiyin third 
pumping station, the time-history method was used to calculate the dynamic responses of the 
pump house in the time domain. At the same time, based on spectrum characteristics and 
relativity analysis (Wang et al. 1998), the spectrum analysis method of random vibration (Zhao 
et al. 2005) was used to calculate the root mean square value of pump house vibration. The 
results of the two methods are compared to show the rationality of these calculations. 
2 Random vibration spectrum analysis 
The finite element method (FEM) dynamic analysis equation is 
    K C M FG G G                           (1) 
where G , G , and G  are the column vectors of the nodal displacement, nodal velocity, and 
nodal acceleration, respectively; and , , , and K C M F  are the global stiffness matrix, 
the global damping matrix, the global mass matrix and the nodal load column vector, 
respectively.  includes the added mass matrix of the water. In fact, these global matrices 
are assembled with their element matrices. 
M
At first, free vibration characteristics of the structure that relate to the interaction between 
the structure and the water, that is, the vibration mode of the lowest p steps  1 2, , , p M M M M  and corresponding frequency  T1 2, , , pZ Z Z Z , should be obtained. 
Based on the expansion method of the vibration mode, G  can be expressed by the function of 
generalized coordinates,  G MY , which can lead to the FEM dynamic equation of the 
discrete structure. The dynamic equation remains to be multiplied by TM : 
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                         (2) 
where , , K C M and F  are the generalized stiffness matrix, generalized damping 
matrix, generalized mass matrix and generalized force vector, respectively. 
When proportional damping theory is used, the orthogonality equation (Eq. (2)) can be 
decoupled to form 
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where the subscript j is the jth step vibration mode; j[ , jZ , jm , jF are the damping ratio, 
the frequency, the generalized mass and the generalized force vector of the jth step, 
respectively; and  j tY  is the generalized coordinate of the jth step at time t. 
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The nodal load can be summed by loads in the control area around node i:  
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where  i tF  is the nodal load at time t,  is the number of control areas around node i, n
ikA  is the kth control area around node i,  is the normal direction vector of ikl ikA , and  ikP t  is the pressure pulsation on ikA  at time t. The correlation coefficient of the nodal load 
between i and j is 
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where  is the number of control areas around node j, nc W  is the increment of time t, jml  is 
the normal direction vector of jmA , and  ik jmP PR W  is the correlation coefficient of the nodal 
load between nodes i and j in the areas of ikA  and jmA . The Fourier transform is performed 
on both sides of the equation: 
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where  ijS Z  is the power spectrum of the loads around nodes i and j. The cross-spectral 
density  
ik jmP P
S Z  of any two nodes in the areas of ikA  and jmA  can be obtained:  
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where  
ikP
S Z  and  
jmP
S Z  are power spectra of pressure pulsations of the measuring 
points in the areas of ikA  and jmA , respectively, and  ik jmP PJ Z  is the coherence function of 
the frequency domain. Assembling all the nodes with pressure pulsation, the nodal power 
spectrum matrix  F ZS  can be obtained. 
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The Fourier transform is performed on both sides of the equation. The power spectrum matrix 
of generalized force  f ZS  can be obtained:    f F7 Z M ZS S M                           (6) 
The correlation matrix of generalized coordinates  Y WR  is 
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where h is the impulse response function, and 1T  and 2T are the time integral variables. The 
Fourier transform is performed on both sides of the equation and the power spectrum matrix of 
the generalized coordinates  Y ZS  is        fY  Z Z Z ZS H S H                        (7) 
where        1 1 2 2diag , , , p pH H HZ Z Zª º ¬ ¼ZH  is the transfer function matrix. 
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The power spectrum matrices of displacements and stresses are respectively: 
        TFG 7 Z M Z M Z M Z MS H S H                     (8) 
and 
        Te FV 7 S S H S H SZ Z M Z M Z e
 
                  (9) 
where e eS DBTM , D  is the elastic matrix of the element, is the geometry matrix of the 
element, and  is the conversion matrix from global nodal displacement to local nodal 
displacement. The root mean square value of displacement and stress can be obtained 
by integration. 
B
eT
3 Computing parameter and finite element analysis 
3.1 Pressure pulsations and spectrum characteristics 
The Huaiyin third pumping station, the third of seven new bulb tubular pumping stations 
for the South-to-North Water Transfer Project, contains four units whose diameters are 3.14 m. 
The design flow of the pumping station is 100 m3/s. Pressure pulsation time-histories at three 
different locations measured at a sample rate of 1 000 Hz for a period of 10 s in the physical 
model test of the pumping station are presented by the manufacturing plant of the bulb tubular 
unit. These three measuring points are located in front of the impeller, at the section between 
the impeller and the guide vanes, and behind the guide vanes of the diffuser, respectively. 
Pressure pulsation time-history curves and spectra are presented in Fig. 1 with the dominant 
frequency of pulsations being 81.9 Hz. 
Fig. 1 Time-history curves and Fourier spectra of pressure pulsations 
It is difficult to simulate pressure pulsations of the whole flow channel based only on the 
measured data above from three locations. On the basis of the general distributed regular 
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pattern of the pressure pulsation in the flow passage of the pumped storage power plant (Ma 
et al. 2004) and the measured data from three different locations, the following assumption 
was made: pressure pulsation data at the water inlet and outlet are all zero. Linear interpolation 
was conducted at the water inlet, outlet, and three measuring locations. The relation of the 
point and surface of pressure pulsation were neglected for safety. A consensus has basically 
been achieved about the similarity relation of frequency and amplitude between the prototype 
and the physical model: the pulsation frequency of the prototype is usually assumed to be the 
same as the frequency of the model, because pulsation frequency is mainly relative to the 
rotation frequency of the unit and the number of guide vanes and blades. The pulsation 
amplitude is influenced by many factors and there is not an exact relation between the 
prototype and the physical model. The ratio between them is from 1 to 2.5 after the measured 
data of the prototype are compared with those of the physical model, and the model value is 
higher than the prototype value. Here, a ratio of 2.5 was selected. 
3.2 Finite element model 
The whole finite element model of the pumping station, including some regions of the 
ground base, was established as shown in Fig. 2(a). Four units present symmetric distribution, 
and there is a settlement joint with a width of 2 cm. The x direction is perpendicular to the 
river, the y direction is parallel to the river, and the z direction is vertical. The main concrete 
structures of the pumping station (Fig. 2(b)) and ground base are dispersed across hexahedron 
isoparametric elements with eight nodes. The upright columns and crane beams are dispersed 
across beam elements and the overall steel pipe and internal structures of units are simulated 
by plate elements. Degrees of freedom of the beam element and plate element connected with 
the block element are interpolated by those of the hexahedron element. The total number of 
elements is 15 836 and the total number of nodes is 19 002.  
Fig. 2 3D finite element model 
The main materials include base soil, concrete, and steel. The density of the soil is 
1 960 kg/m3, and the Young’s modulus and Poisson ratio of the soil supporting course are 1.3× 
107 Pa and 0.25, respectively, while those of the topsoil are 8.17×106 Pa and 0.28, respectively. 
The concrete density is 2 400 kg/m3 and its Young’s modulus and Poisson ratio are 2.8×1010 Pa 
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and 0.167, respectively. The steel density, Young’s modulus, and Poisson ratio are 7 900 kg/m3, 
2×1011 Pa, and 0.3, respectively. 
3.3 Analysis of free vibration characteristics 
Free vibration characteristics analysis is the basis of random vibration spectrum analysis 
for the structure and the premise of resonant checks. Therefore, free vibration analysis for the 
whole finite element model was carried out. During calculation, the mass of the base was 
disregarded and the interaction between the structure and water was included. Water elements 
were used in calculation when fluid-solid coupling was considered. Free vibration frequencies, 
periods, and the vibration mode participation coefficients of the first twenty steps are 
presented in Table 1. It can be determined that the first several frequencies are low and dense, 
which is mainly because of the soft foundation with a low Young’s modulus. The vibration 
mode shows the whole vibration of the pumping station. The first step mode is the vibration of 
the pump house in the transverse river direction and the second step mode is the vibration in 
the direction of the stream, due to the fact that the stiffness of the pump house in the transverse 
river direction is smaller than that in the direction of the stream. It can also be found that the 
vibration mode participation coefficient in the x direction is larger than it is in the other two 
directions for the first step. 
Table 1 Free vibration frequencies and vibration mode participation coefficients of pumping station 
Mode participation coefficient 
Step Frequency (Hz) Period (s) 
x y z 
1  0.779 1.28 1.07 5.91×10-6 2.39×10-7
2  0.802 1.25 6.98×10-6 1.13 3.37×10-2
3  0.954 1.05 1.04×10-7 4.85×10-2 1.26 
4  1.155 8.66×10-1 3.37×10-2 4.34×10-8 7.34×10-8
5  1.315 7.60×10-1 2.28×10-7 1.89×10-2 6.06×10-1
6  1.361 7.35×10-1 4.63×10-1 1.09×10-7 2.67×10-7
7  1.661 6.02×10-1 3.60×10-8 5.51×10-1 8.45×10-3
8  4.759 2.10×10-1 9.53×10-4 1.58×10-9 5.18×10-9
9  6.764 1.48×10-1 1.19×10-9 8.45×10-3 3.03×10-4
10  8.178 1.22×10-1 1.59×10-3 2.48×10-9  5.02×10-10
11  9.040 1.11×10-1 8.47×10-3 1.48×10-9 6.96×10-9
12  9.445 1.06×10-1 1.16×10-8 2.56×10-4  1.91×10-3
13 15.141 6.60×10-2 3.49×10-10 4.36×10-5 1.60×10-5
14 17.403 5.75×10-2 3.72×10-4 2.76×10-10 5.19×10-10
15 26.628 3.76×10-2 2.70×10-5 5.61×10-4 1.67×10-3
16 26.860 3.72×10-2 6.39×10-4 2.42×10-5 7.20×10-5
17 28.383 3.52×10-2 2.63×10-10 3.28×10-4  5.28×10-4
18 29.538 3.39×10-2 2.36×10-4  1.35×10-11 4.29×10-10
19 30.353 3.29×10-2 7.63×10-10  1.94×10-4 6.58×10-4
20 31.716 3.15×10-2 5.69×10-4  3.91×10-10 6.17×10-10
Resonance should be avoided in the course of operation of the pump house. It is 
stipulated in the Design Code for Pumping Station (MWRPRC 1997) that the difference 
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between the natural vibration frequency and the frequency of exciting vibration should be 
more than 20%. It can be found from the spectrum of pressure pulsation that the flow before 
and after the unit mainly shows high frequency pulsation, which is different from the first 
several frequencies of the structure. It can be determined that resonance will not occur as a 
result of hydraulic exciting vibration. 
3.4 Time-history analysis 
Dynamic responses of structures of the pumping station are the most fundamental basis 
on which to judge whether the project meets the requirements of anti-vibration design. 
Pressure pulsations for a period of 10 s were applied to the whole flow passage according to 
the assumed distribution, described above. A generalized Newmark-ȕ step-by-step integration 
method was used to solve the dynamic equation with a time step of 0.005 s. Below are the 
calculated extreme values of dynamic responses: the maximum displacement in the x direction 
is 0.181 ȝm and it occurs at the top of the pump house; the maximum displacement in the y 
direction is 0.145 ȝm and it occurs at the top of the pump house as well; the maximum 
displacement in the z direction is 0.932 ȝm and it occurs on the outlet sidewall; the maximum 
velocity in the x direction is 1.513 ȝm/s and it occurs at the top of the pump house; the 
maximum velocity in the y direction is 5.767 ȝm/s and it occurs on the bottom plate of the 
flow channel; the maximum velocity in the z direction is 3.555 ȝm/s and it occurs at the top of 
the outlet sidewall; the maximum acceleration in the x direction is 1.072 mm/s2 and it occurs 
on the inner side of the outlet sidewall; the maximum acceleration in the y direction is 0.889 mm/s2 
and it occurs at the top of the tail water pipe; the maximum acceleration in the z direction is 
1.751 mm/s2 and it occurs at the top of the water inlet; and the maximum stress is 3 305.35 Pa 
and it occurs at the joint of the unit and structure of the flow passage. Dynamic response 
time-history curves and Fourier spectra at some nodes with maximum values are shown in Fig. 3. 
It can be found from Fourier spectra of dynamic responses that the pump house shows 
low-frequency vibration, which is caused by the low-frequency components of pressure 
pulsations. The key reason is that the pumping station is built on a soft foundation and the 
Young’s modulus is so small that the natural vibration frequency of the pumping station 
system is too low. Therefore, the main high frequency component of pressure pulsation 
contributes little to structure vibration, and the amplitude of the vibration is small. 
3.5 Random vibration analysis 
The random vibration spectrum analysis method was used to compute the vibration 
responses of the Huaiyin third pumping station. The root mean square value of dynamic 
displacement and stress of the pump house under normal operation were obtained. The 
maximum displacement in the x direction is 3.802×10-8 m and it occurs at the top of the pump 
house. The maximum displacement in the y direction is 3.827×10-8 m and it also occurs at the 
top of the pump house. The maximum displacement in the z direction is 7.392×10-8 m and it 
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occurs on the sidewall. The normal stresses in x, y, and z directions are 805.2 Pa, 347.6 Pa, and 
356.7 Pa, respectively. The first principal stress is 805.3 Pa. 
Fig. 3 Time-history curves and Fourier spectra of dynamic responses of extreme points 
Compared with the result of the dynamic time-history method, the result of the random 
vibration method is relatively small, mainly because the root mean square value is an average 
response while the result of the dynamic time-history method is an instantaneous value. The 
correlation character of the nodes on the load surface of the pulsation in the flow channel was 
not considered; that is, the correlation coefficient of the nodal load is 1 (complete correlation), 
which is another reason. The result of the dynamic time-history method is relatively large and 
safe, while that of the random vibration method is close to practical observation. However, the 
instantaneous vibration response cannot be obtained through random vibration calculation; 
only the root mean square value can be obtained that way. 
In the Design Code for Pumping Station (MWRPRC 1997), it is stipulated that the 
maximum amplitude of vibrations for checking computation cannot exceed the following 
allowable values: a vertical amplitude of 0.15 mm and a horizontal amplitude of 0.20 mm. 
Many aspects of hydropower-house vibrations (Chen et al. 2004; Ouyang et al. 2007) were 
evaluated, including structures, device base, and human health, but no unitized standards have 
been established until now. Based on literature at home and abroad, the following vibration 
control standards for pump houses are proposed: vibration displacement of 0.2 mm, vibration 
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velocity of 5 mm/s, and vibration acceleration of 1.0 m/s2. According to computing results, 
vibration responses of the two methods are all very small and all results meet the requirements. 
4 Conclusions 
A 3D finite element model of the Huaiyin third pumping station of the Eastern Route of 
the South-to-North Water Transfer was built to calculate the vibration of the pump house, and 
the following conclusions can be made: 
(1) Free vibration characteristic analysis for the whole pumping station was carried out. It 
was found that the first several frequencies of the pump house were very low and very 
different from the frequencies of the pressure pulsation. Therefore, resonance of the pump 
house will not occur due to hydraulic exciting vibration. 
(2) The results of the two methods are basically consistent. Dynamic responses of the 
pump house are small and meet the anti-vibration requirements of the pump house. Thus, 
severe vibration of the pump house will not occur. 
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